Pyrococcus furiosus protease I (PFPI) is a multimeric cysteine peptidase from P. furiosus. Genome analyses indicate that orthologues are present in rather few other organisms, including Dictyostelium discoideum and several bacteria, Archaea and plants. An open reading frame (ORF) coding for a PFPI-like protein (PFP1) was identified in Leishmania major and Leishmania mexicana and full-length spliced and polyadenylated PFP1 mRNA detected for both species. Vestiges of a PFPI-like gene could also be identified in Leishmania braziliensis and Leishmania infantum, but no ORF remains owing to the presence of frame-shifts and stop codons. No evidence for a PFPI-like gene could be found in the syntenic region of Trypanosoma brucei or Trypanosoma cruzi, raising the possibility that the PFPI-like genes were acquired by a lateral gene transfer event after the divergence of trypanosomes and Leishmania. The gene may have subsequently degenerated into a pseudogene in some Leishmania species, owing to the loss of relevant biological function. However, antibodies raised against L. mexicana recombinant protein detected PFP1 in promastigote extracts of L. major, but not in L. mexicana promastigote or amastigote extracts. The expression of PFP1 in L. major suggests that PFP1 might contribute to the disease tropism that distinguishes this Leishmania species from others.
Introduction
The flagellated protozoa of the Leishmania genus are responsible for a number of diseases, the leishmaniases, in the tropical and subtropical regions of the world. They are categorized according to their geography (Old World vs. New World) and the diseases they cause: cutaneous, mucocutaneous, and visceral forms. Cutaneous leishmaniaisis is caused by several species in both the Old World (Leishmania major) and the New World (Leishmania mexicana). Mucocutaneous leishmaniasis is characterized by a debilitating partial or total destruction of the mucous membranes (nose, mouth, throat cavities and surrounding tissues). This occurs in the New World and is mainly caused by Leishmania braziliensis. The most severe form of leishmaniasis is the visceral form, which if left untreated will lead to death. This is caused by Leishmania donovani in many parts of the world, whereas Leishmania infantum is the causative agent of visceral leishmaniasis in the Mediterranean basin. The recent completion of the sequencing of the genome of Leishmania major (Ivens et al., 2005) and the extensive genome data now available for L. infantum and L. braziliensis, (http://www.genedb.org) allows comparison of the genetic composition of the pathogens and identification of the gene differences that may explain the differing tissue tropism and disease phenotypes.
As part of the effort to annotate all the peptidases in the genomes of three trypanosomatid parasites, L. major, Trypanosoma brucei and Trypanosoma cruzi, a putative Pyrococcus furiosus protease I (PFPI)-like cysteine peptidase belonging to Clan PC(C), Family C56 (Barrett & Rawlings, 2001 ) was identified as being present only in L. major (Ivens et al., 2005) . PFP1 was first identified in Pyrococcus furiosus (Blumentals et al., 1990) , and orthologues have been identified in a variety of bacterial and Archaea genomes, in some plants, and in Dictyostelium discoideum (Bandyopadhyay & Cookson, 2004) , but not in other eukaryotes. PFPI cysteine peptidases form one branch of a larger superfamily (DJ-1/ ThiJ/PFPI) of related proteins with diverse biological functions. This family includes the human DJ-1 protein of unknown function but associated with Parkinson's disease (Bonifati et al., 2003) , the bacterial ThiJ genes involved in thiamine biosynthesis, and Escherichia coli HSP31 chaperone (Bandyopadhyay & Cookson, 2004) . PFPI was first observed as one of the few remaining proteins in cell extracts of Pyrococcus furiosus following incubation in 1% sodium dodecyl sulphate (SDS) for 24 h at 100 1C (Blumentals et al., 1990) and was subsequently proposed to be the predominant peptidase activity of Pyrococcus furiosus (Halio et al., 1996) . Two conformations of the enzyme (124 and 59 kDa) were observed by size exclusion chromatography, the larger conformation of which represented 90% of the peptidase activity. The expression of the recombinant Pyrococcus furiosus PFPI in E. coli resulted in the production of a homomultimer, which displayed gelatinase activity (Halio et al., 1996) . The three dimensional structure of the Pyrococcus horikoshii PFPI homologue revealed that it forms a donut-shaped hexamer, composed of a trimer of dimers (Du et al., 2000) . Single PFPI subunits are inactive, the proteolytic activity is observed with a minimum of two subunits and the greatest proteolytic activity is observed as a hexamer (Du et al., 2000) . Elucidation of the PFPI structure provides an explanation for this observation, the cysteine and histidine residues from one subunit interact with a glutamate from a neighbouring subunit to form the catalytic triad (Du et al., 2000) . The role of PFPI is still unknown but it has been suggested that it could be involved in intracellular protein recycling (Halio et al., 1996) . The finding that Leishmania but not trypanosomes contain a PFP1-like gene prompted this study to determine whether the gene is a characterisitic of Leishmania and present and functional in all species.
Materials and methods

Parasites
The Leishmania lines used were as follows: Leishmania major Friedlin (MHOM/JL/80/Friedlin), L. mexicana (MNYC/BZ/ 62/M379), and L. infantum JPCM5 (MCAN/ES/98/LLM-877). They were grown as promastigotes in modified Eagle's medium (designated HOMEM medium) supplemented with 10% (v/v) heat-inactivated foetal calf serum at 25 1C as described previously (Hilley et al., 2000) . Amastigotes of L. mexicana were purified as previously (Hart et al., 1981) .
PCR on genomic DNA DNA was obtained from $10 8 Leishmania promastigotes using QIAGEN DNeasy tissue kit. Two primers were designed against the genomic sequences flanking the L. major PFP1 gene: OL1227 (5 0 -TTAGACGGCAAGGAAAAGAG) and OL1228 (5 0 -CAGCCTCCGCTGTTTTCTAC). These were used in various PCR reactions using L. major, L. mexicana and L. infantum DNA as template. Each PCR fragment was gel purified, cloned into pGEM-T or pPCRscript, transformed into Escherichia coli XL10 cells, plasmid-purified and sequenced. Two independent PCR products were sequenced for the PFP1 locus of each species. The sequence of the L. mexicana PFP1 has been deposited at EMBL (Accession AM233522), whereas the L. major (LmjF35.3910) and L. infantum (LinJ35.4000) PFP1 sequences can be found at http://www.genedb.org/.
Northern blot analyses
Total RNA was extracted from $10 8 Leishmania promastigotes using 4 mL of TriZol TM reagent (Invitrogen) following the manufacturer's instructions. Fifteen micrograms of total RNA for L. major and L. mexicana, and 5 mg of RNA markers (NewEngland BioLabs) were electrophoresed on a 0.8% agarose gel according to Goda & Minton (1995) , transferred onto a nylon membrane, and hybridized with L. major and L. mexicana PFP1 ORFs random primed with [a-32 P] dATP using a Prime-It s II Random Primer Labelling Kit (Stratagene).
Recombinant protein expression, purification, and Western blotting
For production of C-terminally his-tagged recombinant L. mexicana PFP1, the gene was amplified by PCR from DNA using the following oligonucleotides containing artificial restriction sites (underlined): OL1377 NdeI (5 0 -ATCA TATGCGTGGCCATAGCTTCACCATTAC) and OL1242 HindIII (5 0 -GCAAGCTTCATGATGATCATGATCCCCAG). The product was cloned into the NdeI/HindIII sites of pET21a(1) to give plasmid pGL1060. This plasmid was transformed into BL21(DE3)pLysS cells and recombinant protein produced by induction with 1 mM isopropyl b-D-thiogalactosidase (IPTG) and incubation at 37 1C for 3 h. The recombinant protein was purified on nickel agarose resin under denaturing conditions followed by electroelution from sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The purified protein was used to produce antisera in rats. The IgG from 1 mL of antiLmxPFP1 rat antiserum were purified using protein G sepharose (Sigma) and recovered in 100 mL phosphatebuffered saline. The purified antibodies were used in Western blots at one in 125 dilution. A secondary antirat IgG antibody coupled to horseradish peroxidase (Pierce) was used at a one in 2000 dilution. An anti-T. brucei elongation factor 1a (EF1a) monoclonal antibody (Upstate Cell Signaling Solutions) was also used at one in 5000 dilution and secondary antimouse IgG antibody coupled to horseradish peroxidase (Promega) was used at one in 4000 dilution. The Western blots were revealed by soaking the membrane in SuperSignal West Dura extended duration chemiluminescent substrate for PFP1 (Pierce) or SuperSignal West Pico chemiluminescent substrate for EF1a (Pierce) and exposing the membranes to X-ray films.
Bioinformatics
The analysis, handling, annotation and alignment of DNA and protein sequences were performed using the bioinformatics package Vector NTI Suite (Informax). The protein sequences used for the phylogenetic analysis were obtained from GenBank. The protein alignment was generated using ClustalW (www.ebi.ac.uk) and the phylogenetic tree was generated using the MEGA2 software (Kumar et al., 2001) .
Results
PFP1 in Leishmania
The single putative L. major PFP1 (LmjF35.3910) encodes a 192 amino acid protein (LmjPFP1) (21.3 kDa) with 34% sequence identity to Pyrococcus furiosus PFP1. Alignment of the predicted ORFs revealed that LmjPFP1 has a 32 amino acid N-terminal extension relative to Pyrococcus furiosus or Pyrococcus horikoshii PFPI, but lacks 24 amino acids at the C-terminus (Fig. 1 ). LmjPFP1 has the cysteine, histidine and glutamic acid residues proposed to form the active site catalytic triad of the cysteine peptidase ( Ã in Fig. 1 , Du et al., 2000) . To confirm that the predicted L. major protein belonged to the PFPI family, a phylogenetic tree with various representative of the DJ-1/ThiJ/PFPI superfamily was constructed (Fig. 2) . The sequences used belonged to the PFPI family, bacterial ThiJ family (Mizote et al., 1999) , eukaryotic DJ-1 family (Bonifati et al., 2003) , E. coli Hsp31 (Malki et al., 2005) and homologues, and Pseudomonas putida isonitrile hydratase (Goda et al., 2002) and homologues. As previously reported, the DJ-1 and ThiJ form two clades that clustered together (Bandyopadhyay & Cookson, 2004) . Another two distinct clades were observed for the functionally characterized E. coli HSP31 (Malki et al., 2005) and other homologues, as well as for the isonitrile hydratase of Pseudomonas putida (Goda et al., 2002) and other homologues. The phylogenetic tree highlights a complex structure of the PFPI family. The bootstrap value (99) supporting the PFPI branch was strong. Within the PFP family, three subgroups could be observed: a first group containing bacterial PFP1 and the two eukaryotic PFP1s from D. discoideum and L. major; a second group containing plant PFPI; a third group containing bacterial and the two Archaea PFP1s that have been functionally characterized. The plant PFPI group is unique in that the proteins are made up of two domains both of which resemble PFPIs, whereas all the other PFPIs in the tree are single domain proteins. The L. major PFP1 clustered most closely with Rhodospirillum rubum PFP1, indicative of a possible horizontal gene transfer event from a bacterium (Fig. 2) . 5 0 -RACE of LmjPFP1 mRNA confirmed that the predicted start methionine from the automatically annotated gene LmjF35.3910 was the first AUG start codon downstream of the spliced leader RNA. A pair of oligonucleotides designed to PCR amplify LmjPFPI, with $200 bp of upstream and downstream sequence, were used successfully to amplify the PFP1 locus from L. major, L. mexicana and L. infantum DNA. Sequence analysis showed the PFP1 loci had a high degree of identity between the three species (between 84-88%). However, the predicted L. mexicana PFP1 (LmxPFP1) ORF was much smaller than that of LmjPFP1 (Fig. 3a) , lacking the Nterminal PFPI domain that includes the putative active site glutamic acid (Du et al., 2000) , but containing the other active site residues and also the C-terminal region missing in LmjPFP1 (Fig. 1) . A further PCR reaction was performed and the product sequenced directly, which showed that the LmxPFP1 sequence was the same for both alleles of the gene. In contrast to the L. major and L. mexicana PFP1 loci, the presence of a frame shift and a stop codon showed that no coding sequence was present in the L. infantum PFP1 locus (see Fig. 3a ). The sequence data obtained by PCR matched that of the newly assembled and annotated L. infantum contigs (LinJ35.4000). Recently, the genome sequence of L. braziliensis has become available (http://www.genedb.org). This contains two contigs (brazil117c08.g1k and brazil385c02.g1k) covering a region that includes part of the PFP1 locus. Although the locus is incomplete, two DNA sequences overlapped with no ambiguity over 207 bp. This region corresponds to the PFP1 active site region and the DNA sequence contained three stop codons in the same frame as the active site residues, which suggests that there is no functional PFP1 sequence in the genome of L. braziliensis (Fig. 3a) . The combined sequence data suggest that a PFP1-like coding sequence is present in L. major and L. mexicana, but the presence of frame shifts and stop codons make the L. infantum and L. braziliensis PFP1s into pseudogenes.
No PFP1 genes can be found in the genomes of T. brucei or T. cruzi, the only other trypanosomatids with completely sequenced genomes (Berriman et al., 2005; El Sayed et al., 2005a) . It was recently reported that despite high divergence in the DNA sequence of trypanosomatids, the gene order is highly conserved (Ghedin et al., 2004; El Sayed et al., 2005b) . In order to investigate if PFP1 pseudogenes or residual sequences could be found in T. brucei or T. cruzi, homologues of the genes flanking L. major PFP1 were identified in L. infantum, T. brucei, and T. cruzi genomes (http://www.genedb.org) over a 35 kb stretch of DNA (Fig. 3b) . The number and order of the genes is broadly conserved between the four species, with only a few notable exceptions. Trypanosoma cruzi lacks gene 11 and has an extra gene (gene 13) not found in Leishmania or T. brucei. Both these genes are predicted to code for hypothetical proteins of unknown function. The other exception is the absence of any sequence with similarity to LmjPFP1 (gene 8, Fig. 3b ) in T. brucei or T. cruzi.
LmjPFP1 is located in a strand switch region, where two polycistronic transcription units run in opposite directions. The strand switch is conserved in all the four trypanosomatids species, but they vary widely in size: 6.1 kb in T. brucei, 2.7 kb in L. infantum, 1.5 kb in L. major and 0.5 kb in T. cruzi. LmjPFP1 is located at the beginning of one transcription unit, within the strand switch regions Fig. 2 . Unrooted neighbour-joining phylogenetic tree of Leishmania major PFP1 with other members of the DJ-1/ThiJ/PfpI superfamily (distance method: Poisson correction; pairwise deletion; 1000 bootstap replication). The protein sequences were obtained from GenBank, aligned with ClustalW and the phylogenetic tree constructed using the software MEGA2. The bootstrap value is given next to branch. The tree is composed of five clades: PFPI, isonitrile hydratase, ThiJ, DJ1, and HSP31. The PFP1 clade is itself subdivided into three subclades. delineated in the other organisms. It can be concluded that although the syntenic locus that contains the L. major PFP1 is conserved in T. brucei and T. cruzi, PFP1 or PFP1 pseudogenes appear to be Leishmania-specific.
Expression of PFP1 in L. major and L. mexicana
To determine whether the PFP1 gene is expressed, a Northern blot was performed with RNA isolated from log phase promastigotes from L. major and L. mexicana. mRNA of $1 kb was observed on the northern blot for L. major and L. mexicana (Fig. 4a) and together with the 5 0 -RACE data (see above) suggests that the gene is transcribed to give functional mRNA in promastigotes of both species. To assess if PFP1 protein could be detected in L. major or L. mexicana protein extracts, a Western blot (Fig. 4b) was performed with antibodies raised in a rat against an insoluble recombinant LmxPFP1 protein produced and purified from E. coli. Attempts to produce significant quantities of recombinant LmjPFP1 in E. coli were unsuccessful, so no antiserum was available against the LmjPFP1 protein. A 21 kDa protein, the size predicted for LmjPFP1, was detected in L. major log phase and stationary phase cell extracts, albeit at the limit of detection. These data show that L. major PFP1 is expressed to give a protein of the predicted molecular mass and therefore LmjPFP1 appears to be a functional gene. No protein was detected, however, in L. mexicana log phase promastigote, stationary phase promastigote or amastigote cell extracts, despite the presence of PFP1 mRNA (Fig. 4b ). An antibody that recognizes Leishmania EF1a was used to demonstrate the quality of the cell extracts (Fig. 4b, lower  panel) . It is possible that PFP1 is expressed in L. mexicana below the level of detection, however, these data raise the question of whether LmxPFP1 is indeed a functional gene.
Discussion
From this study, it appears that a PFPI gene signature is present in representatives of the four major groups of Leishmania species; Old World cutaneous (L. major), Old World visceral (L. infantum), New World cutaneous (L. mexicana) and New World mucocutaneous (L. braziliensis). In L. infantum and L. braziliensis it is a pseudogene, owing to the presence of frameshifts and stop codons within each of the genes. In L. major and L. mexicana the PFP1 gene has an ORF and is transcribed to give spliced and polyadenylated mRNA. But PFP1 protein could only be detected in L. major, raising the possibility that the LmxPFP1 is a pseudogene. In support of this hypothesis is the finding that the LmxPFP1 ORF is predicted to lack $50 amino acids at the N-terminus of the protein in comparison with other PFPI proteins (Fig. 1) , and this domain includes a conserved glutamic acid residue believed to be a component of the active site catalytic triad. Thus, even if the L. mexicana PFP1 is expressed at low levels, the protein would be unlikely to have peptidase activity. In the absence of soluble recombinant protein for biochemical studies, it has not been possible in this study to assess whether LmjPFP1 is a functional peptidase. Nevertheless, PFP1 is one of the first genes to be identified that appears to be expressed in L. major but not in representatives of the other Leishmania groups. This raises the possibility that it may play a role in the specific pathology or tissue tropism associated with this species. Gene knockout studies should be informative on the role of PFP1 in L. major. Although LmjPFP1 is predicted to have the cysteine, histidine and glutamic acid residues comprising the active site, the protein is truncated in its C terminus compared with the functionally characterized Pyrococcus PFPIs, so it may lack catalytic activity. In the two Pyrococcus PFPI ORFs, in the two Pseudomonas aeruginosa homologues, as well as L. mexicana PFP1, a glycine codon aligns with the L. major stop codon. A single nucleotide point mutation can convert a glycine codon (GGA) into a stop codon (TGA), so it is possible that the L. major PFP1 gene is in the process of undergoing genetic drift into a pseudogene, where a protein is produced, but lacks PFP1 function.
To date only Pyrococcus furiosus and Pyrococcus horikoshii PFPI have been functionally characterized as having peptidase activity. Two recombinant Pseudomonas aeruginosa PFPI-like proteins were produced (GenBank accession A83103 and E83601, see Fig. 1 , data not shown) as abundant and soluble proteins in this study, but they did not display peptidase activity towards gelatin, unlike the enzymes from the Pyrococcus species. Furthermore, the two proteins did not show activity towards azocasein or azoalbumin. Either the substrate specificity of these enzymes is different to that of Pyrococcus PFPI, or they are not peptidases. Both of the Pseudomonas proteins belonged to the PFPI family as illustrated in the phylogenetic tree (Fig. 2) . Assignment of protein function within the DJ-1/ThiJ/PFPI superfamily based on the primary protein sequence can be difficult. All the proteins within the superfamily display some degree of primary sequence homology despite their varied biological functions (peptidase, mixed peptidase/chaperone activity, isonitrile hydratase, thiamine biosynthesis). The data available, however, suggest that putative function of a protein of the superfamily can be inferred from the phylogenetic analysis. LmjPFP1 clustered with other PFPIs, but there are three branches and perhaps the different proteins have different functions. The lack of activity of Pseudomonas PFP1, which branches with LmjPFP1, is supportive of this idea.
Other members of the DJ-1/PFPI protein superfamily play varied biological functions (Bandyopadhyay & Cookson, 2004) . Hsp31 displays molecular chaperone activity as well as weak peptidase activity (Malki et al., 2005) . The function of the DJ-1 protein is still unknown, but it could act as an antioxidant and/or a molecular chaperone and is important in preventing the onset of Parkinson's disease (Bonifati et al., 2003) . In the L. major genome, the only other predicted protein to belong to the DJ-1/PFPI superfamily is a putative 4-methyl-5(b-hydroxyethyl)-thiazole monophosphate synthesis protein (LmjF30.0750) that is ThiJ-like. In the phylogenetic tree (Fig. 2) , this protein clustered with the DJ-1/ ThiJ clades. Homologues of this protein are also found in the T. brucei and T. cruzi genomes.
The presence of pseudogenes in Leishmania species has been observed previously. The A2 gene appears to be a nonexpressed pseudogene in L. major, as a result of deletion of multiple repeat regions present in the L. donovani A2 gene (Zhang et al., 2003) . Another recently identified pseudogene in L. major, a glutathionyl spermidine synthase (LmjF25.2380), contains two frame shift mutations and two stop codons (Oza et al., 2005) . This gene is present as a functional ORF in L. infantum (LinJ25.2500) and L. braziliensis (LbrM25.2480) genomes, thus this is another example of species-specific gene differences. More than 20 other pseudogenes have been annotated in L. major (www.genedb.org). It has been suggested that incremental nucleotide divergence is a driving force in Old World leishmanial evolution (Pogue et al., 1996) and that this can provide a range of enzymatic activities or even novel activities. A corollary of this is that alteration of gene expression between Leishmania species may be the cause of the different phenotypes of visceralizing and cutaneous leishmanias. The PFP1 genes may contribute to these differences as PFP1 is present in L. major but not apparently in L. infantum. However, it remains to be determined whether PFP1 indeed contributes to the cutaneous pathogenesis of L. major or whether the gene does not retain any function and is simply more slowly degenerating into a pseudogene.
As PFP1 genes are abundant in prokaryotes, yet relatively rare in eukaryotes, it is possible that the gene was acquired through a lateral gene transfer event from a bacterium. This might have occurred, if it did, after the divergence of the trypanosomes and Leishmania, but before the divergence of the different Leishmania species. Thereafter, owing to the lack or loss of relevant biological function, the gene may have started progressively degenerating into a pseudogene in some Leishmania species. Alternatively, even though no remnant of PFP1 can be detected in the syntenic loci of T. brucei or T. cruzi, it is possible that an ancestral PFP1 gene was present in these organisms, but that it has been lost during evolution. Other Leishmania genes that have been proposed to have been acquired by lateral gene transfer, such as macrophage migration inhibitory factor (MIF; Ivens et al., 2005) , can also be found in a strand switch region. It is possible that these regions of the chromosome might be particularly suited for recombination events involving lateral gene transfer events.
This study highlights the value of comparative gene studies between different Leishmania species and between other trypanosomatids in the identification of speciesspecific genes. This is particularly interesting for trypanosomatids as many predicted genes are unique to these parasites and in some cases unique to just one genus or even species and therefore they are candidate genes for mediating biological specificity. The presence of pseudogenes in the genome of Leishmania species, however, provides one more challenge in the study of these parasites. On the other hand, the PFP1 remnants in other Leishmania species may be useful tools for analysing Leishmania species evolution.
